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The aim of this study was to characterise biomarker responses in three-spined sticklebacks 
exposed to prochloraz (Pcz). For this purpose, adult sticklebacks were exposed for 2 weeks to 
prochloraz at 0, 10, 50, 100 and 500 µg/L prior to one week of depuration in clean water. At 
days 7, 14 and 21, several hepatic biomarkers were measured including 7-ethoxyresorufin-O-
deethylase (EROD), glutathione-S-transferase (GST), glutathione peroxidase (GPx), catalase 
(CAT), total glutathione (GSH) content and thiobarbituric acid reactive substances (TBARS). 
Pcz induced a transient increase of antioxidant enzymes and a depletion of glutathione content 
during the first 7 days of exposure. This study showed that EROD activity and antioxidants 
were disrupted in a transient manner. GST was rapidly induced in a dose-dependent manner 
and this induction was persitent and observed also after depuration. GST appeared as a 
valuable biomarker to assess the exposure to Pcz.  
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Azole fungicides play a key role as antifungals and are widely used in agriculture around the 
world. Among these compounds, the imidazole Pcz (N-propyl-N-(2-(2,4,6-tri-
chlorophenoxy)ethyl)imidazole-1-carboxamide) is a broad-spectrum contact fungicide 
employed in Europe, South America, Asia and Australia, against several diseases in wheat, 
barley and oleaginous plants but also for the treatment of flower production and of turf on 
golf courses. 
As with other imidazole compounds, the action of Pcz is based on the unspecific strong 
interaction with the iron atom of cytochrome P450. This binding inhibits the cytochrome 
P450-dependent 14α-demethylase activity required in the conversion of lanosterol to 
ergosterol, an essential component of fungal biological membranes, and disturbs the cell 
membrane assembly. [1] 
Agricultural application of Pcz contributes to the diffuse freshwater pollution in several 
European countries including France and the United-Kingdom. [2,3] In several rivers of 
Northern France, Pcz appears as one of the most quantified pesticides and its measured 
concentrations in surface waters are 5-fold higher than the official standard value of 0.5 µg of 
pesticides/L. [2] 
In freshwater ecosystems, Pcz can generate adverse effects to aquatic organisms. Pcz LC50 
values for rainbow trout, harlequin fish and bluegill sunfish are in the range 1.5-2.90 mg / L. 
[4]
 As in fungi, Pcz modulates fish cytochrome P450 enzyme activities. Pcz is able to 
modulate the rainbow trout CYP1A system involved in organic pollutant detoxification 
process, inducing both inhibitory and induction effects on CYP1A expression and EROD 
activity. [5,6] A recent study reported inhibition of CYP19 aromatase activity, an enzyme 
involved in steroid metabolism, in the brain of male and female fathead minnow. [7] In 
rainbow trout, Pcz can also modulate the phase II biotransformation enzymatic activities such 
as GST [5], a well known enzyme involved in protection against oxidative stress. [8] 
Pcz is a fungicide widely encountered in European freshwater ecosystem and can generate 
adverse effects in fish. However, to our knowledge, no study has investigated the early effect 
of Pcz on the biomarker responses in stickleback. This study was conducted to assess the 
biochemical responses in Pcz-exposed three-spined stickleback (Gasterosteus aculeatus L.) 
using biotransformation enzymes (EROD and GST) and oxidative stress parameters such as 
GPx, CAT and GSH content, as well as TBARS content (for review, see Van der Oost et al. 
[9]). Stickleback has been used as a model organism to study biochemical responses to various 
xenobiotics such as metals [10], pesticides [11,12], halogenated organic compounds [13] or 
environmental estrogens and androgens. [14,15] More recently, stickleback has been described 
as a valuable sentinel fish species to assess sublethal stress in multipollution context. [16] 
Among the investigated parameters, EROD is a well documented biomarker in fish but its 
sensitivity and inducibility in stickleback are not described. Hence, the kinetic of EROD 
activity was first performed by using -naphtoflavone (BNF) as a reference inducing 
compound for this enzyme. 
 
MATERIALS AND METHODS 
 
Fish Maintenance and Exposure 
 
Male and female adult sticklebacks were collected in uncontaminated outdoor artificial 
streams (INERIS, France) and maintained in experimental water (alkalinity, 367 mg.L-1 as 
CaCO3; pH, 8.35 ± 0.05) for 2 weeks prior to experimentation. The water temperature was 
13.5 °C ± 1°C and the photoperiod was a light/dark cycle of 8/16 hours. Fish were fed every 
other day with frozen red mosquito larvae. 
Fish were randomly distributed in 15 litres tanks and waterborne exposed to Pcz under semi-




BNF was dissolved in 5 mL of dimethyl sulphoxide (DMSO) and added to the experimental 
water with a maximal final concentration below 0.0001 %. Fish (n = 240) were exposed to 
0.3, 0.9 and 2.7 µM for 12, 24, 48, 72 and 96 hours. In this experiment, one fish group was 
sampled before contamination as an initial control (0 h). Moreover, a control group was 
performed for each exposure time with and without solvent. At each sampling time, 10 fish 





Pcz was previously dissolved in 1 mL of absolute ethanol and added to the experimental tank 
water with a maximal solvant final concentration of 0.0001%. Fish (n = 160) were exposed to 
10, 50, 100 and 500 µg/L (i.e. 0.03, 0.13, 0.3 and 1.3 µM) for 7 and 14 days. After 14 days, 
10 fish per concentration were submitted to a depuration experiment and were maintained in 
uncontaminated water for 7 days with the same experimental conditions. In this experiment, 
an initial control (0 h) and controls for each exposure length (7, 14 days and 7 days of 
depuration) were performed. At each sampling time, 10 fish per tested concentration were 




Fish were sacrificed, measured and weighed. Liver was dissected, weighed and homogenized 
in ice-cold phosphate buffer (100 mM, pH 7.8) supplemented with 20% v/v glycerol and 0.2 
mM phenylmethylsulfonyl fluoride as a protease inhibitor. The homogenate was centrifuged 
at 10,000 x g, 4°C, for 15 min and the supernatant was used for biochemical assays after 
measurement of total protein concentration using the method developed by Bradford et al. [17]. 
All biochemical assays (EROD, GST, GPx, CAT, GSH and TBARS) were carried out as 




All data are reported as mean ± standard deviation obtained from the data of individual fish 
randomly sampled. SPSS 13.0 software was used for statistical analysis. Normal distribution 
and homoscedasticity of data were verified using respectively Kolmogorov-Smirnov and 
Levene tests. When data sets didn’t have a normal distribution and/or homogeneity of 
variance, the biomarker data were log-transformed, using F(x) = log(1+x), prior to parametric 
analysis. Differences between biomarker responses in control of male and female fish were 
searched using a t-test. If a significant difference ( =0.05) was observed, male and female 
data were treated separately. A two-way analysis of variance, using time and concentration of 
exposure, was performed to assess the difference of evaluated parameters for all experimental 
conditions. When the null hypothesis was rejected ( =0.05), the position of significant 
difference with the control group were tested using Sidak post hoc test ( =0.05). 
 
RESULTS AND DISCUSSION 
 
Sensitivity of EROD Induction in Stickleback 
 
BNF exposure allows determination of a dose-response curve and completes the previous 
works showing the inductibility of stickleback EROD activty by chemicals in laboratory [13,18] 
and field experiments. [16] During this exposure no significant difference between male and 
female stickleback EROD activities was noticed. After 12 hours of BNF exposure, an increase 
of EROD activity was measured for each tested concentration (Fig. 1). This induction was 
also observed for all exposure times and appeared as dose-dependent after 48, 72 and 96 
hours. Maximal inductions of 7, 15 and 18 fold were observed after 72 hours (Fig.1).. The 
induction factors measured in the BNF exposure were similar to factors reported in fish 
species widely used in European field studies such as chub and gudgeon [19] but stickleback 
EROD appears less inducible than in rainbow trout, a fish species more widely used in 
laboratory for ecotoxicological studies. [20] 
 
Effect of Pcz on Sticleback Biomarker Responses 
 
Results obtained for EROD activity are presented in Figure 2A. A transient 3- and 7-fold 
EROD induction was measured after 7 days of exposure to 50 and 100 µg/L respectively. A 
significant EROD induction was also reported after prochloraz exposure to 500 µg/L for 7 and 
14 days with an induction factor of 7 and 5 fold respectively. After 7 days of depuration, no 
significant difference was observed between exposed and unexposed groups (Fig.2A). The 
present study shows that Pcz fungicide is able to induce EROD activity in three-spined 
stickleback. This induction appears as dose-dependent and moderate compared to the results 
obtained using a typical EROD inducer such as BNF. Scientific literature includes some 
examples of similar EROD induction generated by Pcz. [5-6] Previous studies reported a 
transient 3-fold increase of EROD activity in rainbow trout after 7 days of 100 µg/L 
waterborne exposure [6] and intraperitoneal injection of Pcz. [5] To our knowledge, the 
mechanism of EROD induction by Pcz is unknown but several studies have investigated the 
structural and molecular basis of EROD induction by imidazole compounds such as 
clotrimazole, 1-benzylimidazole and Pcz. [21-23] These molecules present a non-planar 
conformation inconsistent with the fixation to the aryl hydrocarbon receptor (AhR) and an 
EROD induction. A possible explanation could be that the imidazoles are converted 
intracellularly into planar metabolites which then bind as ligands to the AhR. [23] This 
hypothesis is in accordance with the rapid and extensive metabolisation of the highly 
lipophilic Pcz fungicide (log Kow = 4.12) to more polar metabolites as suggested by Cravedi et 
al. [24]. In this context, the easier excretion of polar Pcz metabolites could explain the transient 
response observed for EROD activity. 
Results obtained for GST are presented in Figure 2B. After 7 and 14 days of Pcz exposure, 
GST was increased for the two highest concentrations (i.e. 100 and 500 µg/L). GST increase 
was also observed after 14 days of exposure to the lower concentration (i.e. 10 µg/L). After 7 
days of depuration in clean water, a significant induction of GST was noticed for all tested 
Pcz concentrations (Fig.2B). Phase II biotransformation enzymes such as GST could play an 
important role in rapid and extensive metabolisation of Pcz. GST is implied in conjugation of 
electrophilic compounds with endogenous GSH. This reaction increases hydrophilicity of 
xenobiotics and thereby enhance excretion and consequently gives a detoxification effect. 
This hypothesis is consistent with the observed dose-dependent and persistent induction. 
Moreover, it is supported by previous studies investigating the effects of herbicides on 
stickleback hepatic enzymes that reported GST induction by various pesticides such as diquat 
[12]
 and fomesafen. [25] However, the response of GST could also be linked to Pcz-induced 
oxidative stress, since this enzyme is involved in the protection against reactive oxygen 
species. [26] 
To our knowledge, no study has investigated the induction of oxidative stress by Pcz and the 
present results are the first evidence of Pcz-promoted oxidative stress in fish. Results obtained 
for oxidative stress parameters measured after 7 days of exposure are presented in Table 1. As 
previously reported, GPx is a gender dependent parameter with a higher activity in female 
than in male stickleback [16] so, data are presented separately. Three exposed groups (i.e. 50, 
100 and 500 µg/L) contained only one male fish. Hence, results are not presented and only 
female data is interpreted. After 7 days of exposure to 100 and 500 µg/L, female fish 
exhibited an inhibition of GPx. This phenomenon could be explained by the suicidal substrate 
role played by Pcz. A similar mechanism has been reported for other imidazole compounds 
such as clotrimazole, which is oxidised to a highly reactive free radical before inactivating 
peroxidase. [27] This inhibition leads to an accumulation of H2O2 and causes a decrease of 
GSH content and lipoperoxidation. [27] 
GPx inhibition was correlated with the decrease of GSH and the increase of CAT in fish 
exposed to 500 µg/L (Table 1) suggesting that high Pcz concentrations promote oxidative 
stress. The responses of enzymatic and non-enzymatic antioxidants appeared as transient 
while no significant variation was observed after 14 days of exposure and 7 days of 
depuration (data not shown). Moreover, no significant variation of TBARS content was 
noticed (Table 1) showing that no oxidative damages occurred. This decrease of GSH could 
be linked to the inhibition of GPx, but also to the increase of GST activity that used reduced 
GSH. Besides, an inhibitory effect on GSH regenerating systems (e.g. GSH reductase and/or 
GSH synthetase), which was not assessed in our study, might contribute also to the observed 
depletion of total GSH. Indeed, in a recent study, Knorpp et al. [28] showed that catalytic 
activity of GSH synthetase is diminished by H2O2 and pointed out the sensitivity of this 
enzyme to oxidative stress and the protective role of peroxidase. Hence, in the present work, 
Pcz could inhibit GSH synthetase activity following H2O2 production and accumulation. The 
fact that we did not observe lipid peroxidation generated by Pcz indicates that antioxidant 
systems were able to protect the cells against the injuries of reactive oxygen species. This 
hypothesis was supported by the slow induction of CAT activity measured in stickleback after 
7 days of exposure to 500 µg Pcz/L. CAT is involved in H2O2 elimination [28] and could 
eliminate the excess of this very toxic reactive oxygen species generated by GPx inhibition. 
Interestingly, responses of enzymatic and non-enzymatic antioxidants were rapid and 
transient, suggesting the implication of Pcz metabolisation and elimination mechanisms 
involving phase II biotransformation enzymes such as GST, induced after the first week of 
exposure. 
 
Implication for Environmental Biomonitoring 
 
This study provides several elements to assess exposure to Pcz and other imidazole fungicides 
using biochemical biomarkers in three-spined stickleback. EROD activity was characterized 
by a fast dose-dependent induction followed by an adaptation phenomenon. This biomarker 
could provide a valuable information on Pcz exposure immediately after the contamination 
but, if the time between contamination and sampling is increased, the Pcz exposure cannot be 
detected. [29] EROD activity is a well documented biomarker of exposure to dioxin-like 
compounds but, in the light of these results, it could not be considered as a valuable 
biomarker to assess the exposure to Pcz fungicide. Enzymatic and non-enzymatic antioxidant 
parameters exhibited fast and transient responses. Moreover, antioxidant responses were only 
observed for the high tested concentrations. Consequently, biomarkers linked to oxidative 
stress could not giv valuable parameters to assess the imidazole exposures. In this work, GST 
appears as a more promising biochemical marker of exposure to Pcz. Our results showed that 
this phase II biotransformation enzyme is characterized by a fast induction followed by a slow 
recovery. Also, GST could provide a quantitative and time-integrated estimate of levels of 
pollution during environmental monitoring. [29] This conclusion confirms the results of 
previous study indicating that GST is a valuable biomarker of exposure to several 




This study showed that waterborne exposure to environmental Pcz concentrations induced 
Phase I and Phase II biotransformation enzymes in stickleback. EROD activity was 
moderately induced in a transient manner suggesting an extensive metabolisation. GST 
exhibited a dose-dependent induction that was also observed after depuration in clean water 
and could be considered as a valuable biomarker to assess the exposure to this imidazole 
compound while this enzyme is able to reflect present and past exposure to Pcz. For the high 
concentrations tested, Pcz promoted an oxidative stress characterised by depletion of GSH 
and perturbation of antioxidant enzyme activities. The mechanism by which Pcz promoted 
oxidative stress in fish is not fully understood but our results indicate that it is probably 
similar to the mecanism of other imidazole fungicides. 
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FIGURE CAPTIONS 
 
Figure 1. Effect of 96 hours -naphtoflavone treatment on hepatic EROD activity. Data 
represent mean ± SD of the measurements on ten fish per group. * indicates group statistically 
different from control (P<0.05). 
 
Figure 2. Effect of prochloraz 21 days treatment on biotransformation enzyme activities : 
EROD (A) and GST (B). Data represent mean ± SD of the measurements on ten fish per 
group. For a same exposure concentration, group annotated with a same letter are not 





























































































































Table 1. Effect of 7 days prochloraz treatment on hepatic antioxidant parameters and TBARS content. Data represents mean ± SD of the 
measurements on ten fish per group except for GPx where males and females have been separated. The number of fish is indicated between 
brackets. (*) statistically different from control (P<0.05). 
  Prochloraz (µg/L) 
 Control 10 50 100 500 
Male GPx 
(U/g prot.) 51 ± 4   (3) 63 ± 6   (2) (1) (1) (1) 
Female GPx 
(U/g prot.) 152 ± 57   (7) 138 ± 53   (8) 128 ± 33   (9) 84 ± 32*   (9) 83 ± 26*   (9) 
CAT 
(U/g prot.) 253 ± 82 374 ± 108 205 ± 98 412 ± 115 565 ± 80* 
GSH 
(µmol/g prot.) 7.6 ± 4.1 5.2 ± 1.8 3.5 ± 2.5 2.7 ± 2.0* 1.2 ± 1.0* 
TBARS 
(nmol/g prot.) 16.1 ± 7.5 15.4 ± 10.2 16.1 ± 5.5 22.1 ± 21.1 20.6 ± 15.3 
 
 
 
 
